The apparently soluble electron-transport system, that does not sediment when centrifuged at 144,000 X g or 300,000 X g for 3 hr, catalyzes oxidative phosphorylation with an efficiency comparable to that of an intact mitochondrial system. While the proton-induced phosphorylation occurs in whole cells, crude cell-free extracts, and supernatants from low-speed centrifugation, it does not occur in either the 144,000 or 300,000 X g supernatant fractions. The data show that oxidative energy can be conserved as ATP under conditions that are incompatible with the basic postulate of the chemiosmotic hypothesis.
Thiobacillus novellus is a facultative chemoautotroph. When grown autotrophically, the organism must use electrons from a reduced inorganic sulfur compound such as thiosulfate for the generation of energy and reduced pyridine nucleotides, both of which are required for the reductive assimilation of carbon dioxide. A cell-free fraction, the 144,000 X g supernatant, could couple the oxidation of thiosulfate or succinate or ascorbate to the endergonic reduction of pyridine nucleotides by way of reverse electron flow (1, 2) . In this system, electron transfer could be replaced as the driving force by hydrolysis of ATP under anaerobic conditions in the presence of either succinate or thiosulfate or ferrocytochrome c as electron donors for the reduction of pyridine nucleotides. These observations indicated the presence of all of the energycoupling sites in the "soluble": cell-free extracts. This was substantiated by our subsequent work demonstrating oxidative phosphorylation in a 144,000 X g supernatant fraction and relatively high P/O ratios with thiosulfate, succinate, and ascorbate as electron donors (3) . Since the phosphorylation activity was unimpaired upon centrifugation at 144,000 X g and the supernatant yielded P/O ratios comparable to those found in intact mitochondria, a system was available to test the chemiosmotic hypothesis of phosphorylation (4), according to which the presence of intact membrane structures is obligatory for biological energy conservation.
Abbreviations: CCCP, carbonyl-cyanide.-m-chlorophenylhydrazone; DBP, 2,6-dibromophenol; DNP, 2,4-dinitrophenol; HOQ-NO, 2-n-heptyl-4-hydroxy-quinoline-N-oxide; PCP, pentachlorophenol. * The term "soluble" fraction implies the absence of distinct membrane vesicles. It does not exclude the presence of amorphous structures in 144,000 X g or in 300,000 X g supernatants.
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MATERIALS AND METHODS Cells of T. novellus were grown as described (1); the experimental procedures for oxidative phosphorylation were the same as outlined earlier (3) . For the synthesis of ATP induced by the acid-base transition, T. novellus cells were washed twice in 3% NaCl before being frozen. Frozen cells were used to eliminate the possibility of oxidative phosphorylation occurring in the experiments. The experimental procedure was similar to that of Jagendorf and IJribe (5) in which whole cells or cell-free extracts (prepared by ultrasonic vibration) at low temperature (0-2°) were subjected initially to low pH [10 mM HCl (pH 2) or 3 mM succinate-glutamate (pH 3.5) ] for various time intervals, and then sufficient buffer was added to raise the pH to 7.5. In control experiments, the acidic and basic phases were premixed so that no proton gradient was established when the enzyme fraction was added. Samples for ATP measurement were deproteinized and subsequently neutralized as described (6) .
The luciferin-luciferase method (7) was normally used for ATP assays. The sample, which had been treated as described above, was diluted in distilled water to contain no more than 0.9 ,uM ATP, the maximum amount measurable by this technique. Two other methods for ATP determination were also used to check the validity of the luciferase procedure: (i) Kornberg's procedure (8) using glucose-6-phosphate dehydrogenase as modified by Knobloch et al. (9); (ii) the use of 15 ;.Ci of 82Pi per ml of reaction mixture in addition to the hexokinase and glucose (10, 11) . Further experimental details are in the legends to the tables and figures.
RESULTS

Aspects of oxidative phosphorylation
Characteristics of Oxidative Phosphorylation by Cell-Free Extracts. The data in Table 1 show the sensitivity of the phosphorylation coupled to sulfide oxidation by the supernatant fraction obtained after low-speed centrifugation to various uncouplers and inhibitors of the electron-transport chain. The process was completely uncoupled by 2,4-dinitrophenol (DNP), 2,6-dibromophenol (DBP), pentachlorophenol (PCP), and carbonyl-cyanide-m-chlorophenylhydrazone (CCP) and it was markedly sensitive to flavoprotein inhibitors, antimycin A or 2-n-heptyl-4-hydroxy-quinoline-N-oxide (HOQNO), and cyanide. Thus, the T. novellus electron-transport chain appeared to exhibit similarities with the mitochondrial respiratory chain; however, relatively higher inhibitor concentrations were required to intercept the electron-transfer reactions. The experimental conditions were similar to those described in Methods except that 5 mg of enzyme was used and 0.02 M phosphate buffer (pH 7.0) containing 5 mM EDTA was used in place of Tris buffer. Inhibitors and uncouplers were incorporated at the concentrations indicated. Trace represents an amount of ATP less than 5 nmol.
Sulfide was unable to reduce pyridine nucleotides directly unless linked with an energy-generating system such as the hydrolysis of ATP (Aleem, M. I. H., unpublished data). On the basis of the sensitivity of the sulfide oxidation to amytal, rotenone, and atabrine, we postulate that the coupling of sulfide occurred at the flavoprotein level.
The data in Table 2 show the P/O ratios obtained by the three different methods. In order to have some comparative basis for evaluation of results, the P/O ratios were determined by each of the three methods using the same enzyme preparation with three different electron donors such as thiosulfate, succinate, and ascorbate. The highest P/O ratios were obtained by the luciferase method; the 82pi method and the glucose-6-phosphate dehydrogenase method yielded somewhat lower P/O ratios, but did not differ greatly. These results were not unexpected since the luciferase method measures ATP formation directly while the other two procedures require enzyme traps to determine indirectly the amount of ATP formed. Nevertheless, the data clearly demonstrate that the P/O ratios determined by the luciferase method can be confirmed by other assay methods.
Localization of the Phosphorylation Activity. A curious aspect of oxidative phosphorylation in T. novellus was the inability of the 144,000 X g particles to catalyze ATP generation coupled to sulfide oxidation; the entire coupling activity appeared to be localized in the 144,000 X g supernatant fraction ( The cell-free fraction (144,000 X g supernatant) was the enzyme source.
generation, since reconstitution of the 144,000 X g particles with 144,000 X g supernatant did not result in enhancement either of the rate of 02 uptake or of the amount of ATP formed.
Phosphorylation by 144,000 X g Supernatant after 3 hr of Centrifugation. The cell-free extract supernatant obtained by centrifugation at 144,000 X g for 3 hr also catalyzed phosphorylation coupled to the oxidation of thiosulfate, succinate, and NADH, yielding P/0 ratios of 0.9, 1.8, and 1.4, respectively (Table 4 ). Thiosulfate couples at the level of cytochrome c in T. novellus (1) and, thus, the observed P/O ratio of 0.93 exhibits the efficiency of the terminal energy-coupling site. Likewise, a P/O ratio of 1.78 with succinate indicated that the energy-coupling sites in the nonparticulate cell-free extracts were operational with their maximal capacity.
Phosphorylation by 300,000 X g Supernatant after 3 hr of Centrifugation. An intriguing aspect of oxidative phosphorylation in T. novellus is the ability of the soluble fraction obtained from centrifugation at 300,000 X g for 3 hr to catalyze ATP generation coupled to the oxidation of succinate and NADH (Table 5 ). This fraction apparently lacked thiosulfate oxidase activity but contained the NADH and succinate oxidase systems.
That the cell-free fraction obtained by centrifugation at 144,000 X g was nonmembranous was confirmed by electron micrographs (Fig. 1 ) obtained in collaboration with Dr. Yohei Takahashi of the Institute for Enzyme Research, University of Wisconsin. Thus, our experimental data have clearly demonstrated that in the sulfur bacterium T. novellUs the process of oxidative phosphorylation is catalyzed by a nonmembranous, cell-free fraction and that the energy conservation process displayed by the soluble system occurs with remarkable efficiency.
Aspects of proton-induced ATP formation
Proton-Induced ATP Synthesis in Cell-Free Fractions. Once the nonmembranous character of oxidative phosphorylation had been determined, we tested for the formation of ATP induced by artificially established pH gradients. The cell-free fractions were obtained from frozen cells; such cell-free fractions were devoid of oxidative phosphorylation activity. The crude extracts, as well as various cell-free fractions obtained by centrifugation up to 20,000 X g, possess the ability to form ATP in response to pH gradients, whereas the 144,000 X g and the 300,000 X g supernatants were unable to do so (Table 6 ). We thought that the 144,000 2 g supernatant The reaction mixture was the same as in Table 1 except that the enzyme concentration in the 10,000 X g and 144,000 X g supernatants was 6 and 11 mg of protein, respectively, and 10 mg in the 144,000 X g pellet. In combination experiments, 5 mg of protein from each fraction was used.
devoid of these elements. Thus, the 144,000 X g supernatant was further centrifuged at 300,000 X g. The failure of either the 300,000 X g pellet or the supernatant to catalyze the H+-dependent phosphorylation indicates the lack of vesicular structures. Since the amount of ATP formed was the same whether HCl or organic acids were added in the acid phase, and since these fractions were unable to catalyze oxidative phosphorylation, we have concluded that electron transportlinked phosphorylation is not the causative determinant of acid-induced ATP formation.
Effect of Growth Substrates on Acid-Induced ATP Formation. The acid-induced phosphorylation is not limited to autotrophically grown cells only, but it is also found in heterotrophically grown cells (Table 7) . Thus, the cell-free fraction (20,000 X g supernatant) obtained from cells frozen for 1 month after growth in a medium containing thiosulfate or succinate or glutamate produced similar amounts of ATP with HCl as the proton source.
Stability of the System. The marked stability of the protoninduced ATP-synthesizing system is in contrast to the highly labile nature of the electron transport-linked phosphorylation system (Fig. 2) . Even after 4 months in the frozen state, twothirds of the initial activity is retained. Fig. 3 shows the influence of the duration of the acid phase on ATP synthesis in the cell-free extract fraction obtained by centrifugation at 10,000 X g (the precipitate was discarded). The increase in ATP synthesis was linear with time up to the first 15 sec; this was followed bya sharp drop in ATP formation with prolongation of the acid phase. The cell-free extracts kept in the acid The cell-free fraction (144,000 2 g supernatant) was obtained might be merely depleted in particulate components and not by centrifugation of the 10,000 X g supernatant for 3 hr. The experimental conditions were similar to those described in Table 4 . The cell-free fraction (300,000 X g supernatant) was obtained by centrifugation of the 144,000 X g supernatant for 3 hr. phase for 20 sec or more failed to show proton-induced ATP formation, probably due to protein denaturation. The amount of ATP formation was the same whether the acid phase contained HCl or the succinate and glutamate mixture (Fig. 3) . A similar phenomenon was observed with whole cells (Fig. 4) . The decreased amount of ATP synthesis in intact cells, together with the more gradual drop in ATP levels seen with time, probably reflects a greater impermeability of whole cells to the proton-generating reagents.
Sensitivity to Uncouplers and Inhibitors. The effect of uncouplers of oxidative phosphorylation and inhibitors of electron-transport chain on acid-induced ATP formation in cellfree extracts is shown in Table 8 . Uncouplers completely abolished the H+-linked ATP formation in whole cells and in cell-free extracts. This effect is consistent with the known capability of uncouplers to induce the diminution of proton gradients. As one could predict, the inhibitors of electrontransport system had no effect on the acid-dependent ATP Cells frozen for 1 month were disrupted as described in Methods, and the 20,000 X g supernatant fraction was the enzyme source. ATP was determined by the luciferase procedure with HCl in the acid phase.
formation which supposedly involves only the reversal of a membrane-bound ATPase and not a functional electrontransport chain, especially when the protons are provided by the artificially created acid phase. The slight inhibition shown by HOQNO, cyanide, and azide with cell-free extracts may be due to the metal-chelating activity of these compounds. The effect of uncouplers and inhibitors on the acid-induced ATP formation in whole cells was essentially similar.
DISCUSSION
The results reported here clearly demonstrate that the nonparticulate supernatant fractions, centrifuged at 144,000 X g and 300,000 X g, catalyze oxidative phosphorylation with an efficiency at or near that encountered in intact mitochondria. If any membrane fragments exist in such supernatant fractions, they are too small to form the vesicles necessary for acid-base transition phosphorylation; thus, energy is conserved by way of oxidative phosphorylation under conditions incompatible with the basic postulate of Mitchell's hypothesis (4) . It is also worthy of note that ATP can be generated by way of proton loading in membranous frac- The experimental conditions were the same as described in We also examined the effects of CCCP (10 iAM) and DNP (0.10 mM) on oxidative phosphorylation catalyzed by the 300,000 X g supernatant fraction. The inhibitions were, respectively, >90% and about 80%. Thus, the soluble phosphorylating system is normal with respect to uncoupler sensitivity.
Komai et al. (12) have recently reported uncoupler-sensitive and ionophore-insensitive ATP-Pi exchange in a lysolecithin-treated preparation of electron-transport protein which was shown by electron microscopy to be devoid of vesicular membrane profiles. This is independent evidence from a mitochondrial system that the membrane state is not a prerequisite for energy coupling. ATP-Pi exchange is a coupled process that is an invariant feature of oxidative phosphorylation.
We are deeply indebted to Dr. David E. Green for his stimulating discussions and for critically reviewing this manuscript. Experimental conditions were the same as described in Table 6 . Formation of ATP as a function of the duration of the acid phase created by 10 Table 8 . The acid phase was created by 10 mM HCl.
